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MICROMACHINED MAGNETICALLY BALANCED MEMBRANE ACTUATOR 
FIELD OF THE INVENTION 

5 The present invention relates to an actuator for hearing instruments operating according 
to the change in reluctance principle. In particular, the actuator according to the present 
invention operates in a balanced configuration comprising two planar coils, two magnets, 
a membrane and a spacer chip providing the necessary back chamber volume. 

1 0 BACKGROUND OF THE INVENTION 

Today, hearing instruments have dimensions which allow them to fit into the ear canal of a 
human being nearly invisible to the environment. Therefore, the dimensions of the com- 
ponents making up a hearing instrument have to decrease. This implies an enormous in- 
1 5 crease of the requirements of the traditional technology used during the last years. The 
fabrication is labour intensive, and thus very cost intensive. Furthermore, the traditional 
loudspeaker is shock sensitive and vibrations at higher sound levels may easily cause the 
well-known feedback problem of hearing instruments. 

20 Micro-system technology (MST) provides an opportunity of batch processing which leads 
to low cost and good reproducibility. Full integration of electronic circuitry on the same 
substrate is possible and the advanced structuring technologies provide the opportunity of 
well-defined devices with at least a decade of better tolerances compared to traditional 
precision engineering. The number of publications on realised loudspeakers using MST is 

25 small and none of these loudspeakers fulfils the requirements for an application in a 
hearing instrument. 

The loudspeaker system of a hearing instrument consists mainly of two volumes, the ear 
canal and the loudspeaker itself. The dimension of the ear canal and the loudspeaker is 
30 small compared to the wavelength in the considered frequency range, hence the acoustic 
pressure due to the sound pressure in the ear canal is approximated as quasi static. 
Thus, the loudspeaker is comparable to a pump. Many publications are available on this 
type of micro-system actuator, but issues like low supply voltages and low power con- 
sumption have not been addressed. 
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In order to produce a sound pressure of 106 dB SPL, the volume, V, of the ear canal 
(2 cm 3 ) has to be changed by AV= 0.0806 mm 3 , which corresponds to an effective pres- 
sure of about 4 Pa and a peak value of 5.6 Pa. 

5 US 5,960,093 discloses a miniature actuator suitable for operating as a loudspeaker in a 
hearing instrument. The actuator disclosed in US 5,960,093 comprises a membrane, an 
armature, a cylindrical coil, permanent magnets and a drive pin in order for the armature 
to drive the membrane. The membrane is a stiff plate fixed on one side allowing only rota- 
tional movements. The membrane is connected to the armature by the drive pin opposite 
1 0 the fixed side. The armature itself is part of two parallel magnetic circuits and conducts the 
magnetic flux resulting from the driving voltage applied to a coil in the circuit. 

A disadvantage of the actuator disclosed in US 5,960,093 is the strong vibration resulting 
from the unbalanced position of the force acting point on one side of the membrane. This 
15 requires also larger deflection of the armature in order to reach the same change in vol- 
ume as a membrane deflected in a position closer to the pivot leading to a lower effi- 
ciency. 

It is another disadvantage of the actuator disclosed in US 5,690,093 that the drive pin 
20 connecting the membrane and the actuator induces additional mechanical resonances to 
the system thereby influencing the overall performance of the actuator. 

It is an object of the present invention to provide an actuator optimised for operating in 
environments typical for those of a hearing instrument e.g. low voltage supply and low 
25 power consumption. 

It is a further object of the present invention to provide a miniature actuator having physi- 
cal dimensions which allows it to fit into a hearing instrument. 

30 It is a still further object of the present invention to provide a miniature actuator operating 
according to the change in reluctance principle whereby the active part of the actuator 
also forms a part of a magnetic path of the actuator. 
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SUMMARY OF THE INVENTION 

The above-mentioned objects and other objects are complied with by providing, in a first 
aspect, a miniature actuator comprising 

5 

- a first flux generator for generating a controllable first magnetic flux, 

- a second flux generator for generating a controllable second magnetic flux, 
10 - a movable diaphragm, and 

- means for generating a permanent magnetic flux, 

wherein the movable diaphragm is positioned between the first and second flux generator, 
and wherein the movable diaphragm forms a part of a magnetic flux path of the actuator 
15 and thereby being movable in response to the generated first and second magnetic 
fluxes. 

The first and second flux generators may in principle be any kind of generators capable of 
generating a controllable first and second flux. For example, the first flux generator may 
20 comprise a conductive path formed as a first coil having a first centre, said conductive 
path being adapted to guide a first alternating current Similarly, the second flux generator 
may comprise a conductive path formed as a second coil having a second centre, said 
conductive path being adapted to guide a second alternating current. 

25 In order to isolate the conductive paths of the first and second coils and thereby avoid 
short-circuiting the coils, the conductive paths may be embedded into an isolating mate- 
rial, such as a non-conductive polymer material. 

In order to drive the miniature actuator as a loudspeaker the first and second coils may be 
30 connected in series so that the same alternating current flows through both coils. In a 
preferred embodiment, the alternating current in the two series coupled coils flows in op- 
posite directions, with respect to the magnetic bias flux, thereby generating magnetic 
fluxes with a phase shift of 1 80°. 
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The means for generating the permanent magnetic flux through the movable diaphragm 
may comprise permanent magnets positioned on both sides of the movable diaphragm. 
More specifically, the generating means may be positioned symmetrically around a centre 
axis defined by the first and second centres of the coils. In one preferred embodiment, the 
5 generating means may be formed as ring magnets forming part of a housing of the 
miniature actuator. In another embodiment, the permanent magnets may be formed as 
bar magnets being positioned at or near the centre axis defined by the first and second 
centres. The permanent magnets can also be fabricated by means of electroplating using 
materials like Fe, Cr, Co, Ni, Pt, V, Mn, Bi or any combination thereof. 

10 

The movable diaphragm may comprise a material for adjusting/tuning the magnetic prop- 
erties of the movable diaphragm. Suitable candidates adjusting/tuning are Ni, Fe, Co, Cu, 
Cr, Mo or any combination thereof. The conductive paths of the first and second coils may 
comprise electroplated Cu, Au or Ag or any combination thereof. 

15 

In a second aspect, the present invention relates to a mobile unit comprising a miniature 
actuator according to the first aspect of the present invention. This mobile unit may be a 
hearing instrument, a mobile telephone or any other mobile unit. 

20 In a third aspect, the present invention relates to a movable diaphragm for a miniature 
actuator, said movable diaphragm comprising, in the plane of the diaphragm 

- a substantially stiff centre part, 

- a resilient outer part surrounding the substantially stiff centre part, 

25 

where in the movable diaphragm shows predetermined magnetic properties, saidprede- 
termined magnetic properties varying across the substantially stiff centre part and the re- 
silient outer part so as to avoid saturation effects of the movable diaphragm when the 
movable diaphragm is positioned in a magnetic flux that varies in the plane of the dia- 
30 phragm. 

The stiff centre part and the resilient outer part may be constituted within the same mov- 
able diaphragm. Such integrated movable diaphragm may be fabricated using MST. 
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The magnetic properties of the movable diaphragm may vary in accordance to a varying 
thickness of the diaphragm. Alternatively, the magnetic properties of the movable dia- 
phragm may vary in accordance with the properties of an added material. The added 
material may be selected from the group consisting of Ni, Fe, Co, Cu, Cr, Mo or any com- 
5 bination thereof. 

According to the third aspect, the movable diaphragm may further comprise a plurality of 
canals adapted to guide air from the centre part of the movable diaphragm to the outer 
part of the movable diaphragm so as to avoid squeeze film damping effects. 

10 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention will now be explained in further detailed with reference to the ac- 
companying figures, where 

15 

Fig. 1 shows a preferred embodiment of the actuator according to the present invention: 
two permanent magnets 11, membrane 12, planar coils 13, spacer-chip 14, soft magnetic 
substrate 15, soft magnetic core 16, and sound outlet opening 17, 

20 Fig. 2 shows two different designs of the spacer-chip: a) space-chip made of hard mag- 
netic material - no permanent magnet in the middle, and b): structured silicon wafer 
coated with soft magnetic material - permanent magnet in the middle, 

Fig. 3 shows the receiver with two different designs of the flux generators: a) coils 33 and 
25 the electroplated flux guiding core material are fabricated on top of a silicon wafer 31 , 
which is removed afterwards, and (b) coils 36 are fabricated directly on a soft magnetic 
substrate 35; only the outer ring material 39 and the centre core material 38 has to be 
electroplated in a final step. 

30 Fig. 4 shows the change of the magnetic force as a function of deflection: Force due to 
magnetic bias flux 1 , restoring (here positive) force of membrane 2 and force "off-set" due 
to an applied current 3, and 

Fig. 5 shows a first layer of planar coil of type 35/30. 
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DETAILED DESCRIPTION OF THE INVENTION 

The present invention relates to an actuator operating according to the change in reluc- 
tance principle in a balanced configuration - a preferred embodiment is shown in figure 1 - 

5 alternative embodiments are shown in figures 2 and 3. This actuator - here operating as a 
loudspeaker - consists of two planar coils 1 3, two permanent magnets 1 1 , a membrane 1 2 
and a spacer chip 14 providing the necessary back chamber volume. The permanent 
magnets 1 1 have their magnetisation in the same direction producing a magnetic bias flux 
across the lower and upper air gap through the core 16 and the substrate 15 and back 

1 0 through the side walls to the opposite side. The planar coils 1 3 are driven so that the pro- 
duced magnetic fluxes are in opposite directions leading to a decreasing flux across one 
air gap and an increasing flux across the other. 

The permanent magnets 1 1 can either be made of bulk material or by electroless- or 
15 electrochemical deposited (plated) material like Fe, Cr, Co, Ni, Pt, V, Mn, Bi or any com- 
bination of these materials. The advantage of plating the permanent magnets is related to 
the opportunity to further decrease the dimensions of the permanent magnets leading to a 
larger design flexibility, which could contribute to further optimisation of the circuit. 

20 In figure 1 the outer ring 14 is a rectangular, O-shaped, soft magnetic metal ring. The 
permanent magnets 1 1 are positioned in the centre of the planar coils 13, lengthened by 
the soft magnetic material stamps16. 

A sound outlet opening 17 is preferably positioning in the centre of the lower permanent 
25 magnet - thus, the sound outlet opening is positioned on the surface of the actuator. The 
performance of the magnetic circuit is not worsened by the sound inlet opening magnet, 
since the centre of the magnet is guiding almost no magnetic flux. 

In figures 1-3 the cross-section of the membrane 2 changes with radius due to a higher 
30 magnetic flux density in the middle of the membrane than at the rim. Small canals (not 
shown) in the centre of the membrane lead the air from the centre of the membrane to the 
rim of the membrane thereby minimising squeeze film damping effects in the air gaps 
between the membrane and the permanent magnets. 
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In figure 2a the outer ring 21 forms a permanent magnet. A soft magnetic stamp 22 
lengthens the core of the flux generator and defines the gap to membrane 23. A sound 
outlet opening 24 is located on the vertical side of the actuator. The sound outlet opening 
shown in figure 2a is opened during separation of the actuators of a wafer stack, which is 
5 done by dicing. However, during the dicing process, cooling water, containing particles of 
the diced material, could get into the front-chamber, which could lead to the destruction of 
the actuator. Anyhow, this design is suitable for single-chip-mounting, where the different 
parts of the loudspeaker are separated and cleaned before mounting. 



10 In figure 2b the outer ring 25 consists of a silicon wafer, which is etched from both sides 
and where a layer of soft magnetic material 26 is electroplated on. The magnets 27 are 
positioned in the centre of the coil, lengthened by a soft magnetic material stamp 28, 
which defines the air gap to membrane 29. 

1 5 Figure 3a shows an actuator where the flux generator and the electroplated flux guiding 
core material are fabricated on top of a silicon wafer 31 . The silicon wafer is removed af- 
terwards. Coils 32 are formed by several layers of electroplated copper windings. A poly- 
mer 33 electrically insulates the different layers from each other. The mould for electro- 
plating the soft magnetic core material is formed either by photolithography after deposi- 

20 tion of the different polymer layers or by means of dry- or wet etching after depositing and 
curing of the last layer of the multilayer planar coil. In both cases the soft magnetic core 
material is deposited on the entire coil area providing the magnetic shortcut between the 
centre and the outer edge of the coil. The substrate is finally removed leaving behind the 
coils with the core. 

25 

In the configuration shown in figure 3b, the flux generator is fabricated on a soft magnetic 
substrate 35. Such soft magnetic substrate may be a FeSi-based substrate or any other 
kind of soft magnetic material. Also here coils 36 are formed by several layers of electro- 
plated copper windings. The different layers are electrically insulated from each other by 
30 polymer 37. After producing coils 36 the polymer is structured and used as a mould for the 
deposition of the core 38. 

The force acting on the membrane results from the difference of the magnetic fluxes 
across the two air gaps on both sides of the membrane and can be calculated by 

35 
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F =LM_i -fx [1] 

where cP 7 and <2> 2 are the magnetic fluxes across air gapl and 2, respectively, & is the 
permeability of air and A is the cross-sectional area of the air gap. As seen F mag is equal 
5 to zero for equal fluxes - i.e. for 3>? equal to <£ 2 - 

If the membrane deviates from this balanced position due to shock or inaccurate posi- 
tioning, the fluxes change and the force acting on the membrane increases. The mem- 
brane needs a certain stiffness in order to avoid a collapse. Nevertheless, the stiffness of 
1 0 the membrane can be adjusted in a way so that most of the counter force produced during 
the deflection of the membrane is compensated by the magnetic force produced by the 
permanent magnets. The additional force generated by the coils is constant for a constant 
coil current l Co n independent on the position of the membrane for small deflections. 

15 Thus, a stiff membrane with high resonance-frequencies can be used without loosing me- 
chanical energy in form of stress during deflection. Typical resonance frequencies are 
above 10 kHz. An advantage of the present invention is that almost the entire magnetic 
force offset produced by the coils can be converted into pressure in the back chamber by 
movements of the membrane. This is seen from figure 4. 

20 

Due to the high symmetry, there is only little magnetic flux passing the membrane for 
Icon = 0. When a current is applied, only the differential flux passes through the membrane. 
Thus, it is an advantage of the present invention that the membrane of the actuator can 
be designed with a much lower cross sectional area than e.g. the core, without reaching 
25 saturation. 

For the design shown in figure 2 (120 windings per coil, H c = 160 kA/m, permanent mag- 
net height h mag = 250 Mm, outer dimensions of the loudspeaker 4.9 x 4.9 x 2 mm 3 ) finite 
element simulations using ANSYS predict forces up to F mag = 10 mN for a dc current of 
30 about / co //= 10 mA. 
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The first step in fabricating the actuator according to the present invention is to produce a 
flux generator in form of a multi-layer planar coil. The main task in designing the coils is to 
maximise the number of windings, to minimise the ohmic resistance and to maximise the 
area of the core to avoid saturation due to the high magnetic flux provided by the perma- 
5 nent magnets. A thick-photoresist process has been developed in order to produce the 
first layer of the planar coils consisting of copper windings up to a height of 25 pm. 



Type 


25/18 


35/20||35/25 


35/30 


Pitch [|jm] 


25 


35 |35 


35 


Line width [um] 


18 


20 ||25 


30 


Outer side length [|jm] 


4250 


Windings n 


60 


43 43 |43 



Table 1: Design parameters of the produced coils 



1 0 Figure 5 shows a close up of a 20 um high coil of the type 35/30, the structure has a 
minimum line width of 31 .2 um leaving a gap of 3.8 urn between the windings. The wind- 
ings are made of electroplated copper deposited in an AZ4562 mould. Since this resist 
can be used in very acid environments, an industrial copper bath (pH = 0), which runs at 
room temperature, can be used. Thereby, thermal stress in the structures can be avoided. 

1 5 After the deposition the resist is removed and the seed-layer between the windings is 
etched. 

The following coil parameters are of interest: Inductance L, ohmic resistance R, parasitic 
capacitance C and resonance frequency f 0 . The fabricated coils were characterised using 
20 a Gain/Phase analyser and a four point probe station. 



Type 35/20 


R[Q] 


L[uH] 


C[pF] 


fo[MHz] 


calculated 


20.9 


5.62 


230 


4.42 


measured 


19.85 


5.3 


98 


6.98 


19.48 


4.26 


74.29 


8.94 


22.56 


5.16 


102.5 


6.92 



Table 2: Calculated parameters for a planar coil of the type 35/20 
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The Gain/Phase analyser provides a feature for calculating the characteristic parameters 
of the measured coil using an appropriate equivalent circuit consisting of an inductance 
and an ohmic resistance in series and a parallel capacitor. Three coils of the type 35/20 
were measured and the results are listed together with the calculated ones in Table 2. 
5 The results fit very well to the calculations, except for the values of the capacitance. The 
discrepancy results probably from the model that is used to approximate the circuit, but 
could also be caused by a depletion layer in the semiconductor substrate underneath the 
coils. 

10 The membrane is fabricated by electroplating of soft magnetic material in one or several 
steps. Thereby the thickness of the membrane can be locally increased leading to locally 
stiffer parts. At the same time these areas of higher thickness lead to a lower magnetic 
flux density thereby avoiding saturation in the material, which otherwise leads to less out- 
put force. Furthermore, a non-uniform topography of the membrane - e.g. canals - guides 

15 the air in the gap between the permanent magnets and the membrane in order to mini- 
mise the squeeze film damping. 

The change in thickness is produced e.g. by electroplating of a first soft magnetic layer of 
a certain thickness on a plane or already structured surface, followed by deposition of a 

20 sacrificial layer that can be structured (lithography, wet etch, dry etch, physical, chemical, 
etc) resulting in a mould for the following process steps. Afterwards a second layer of soft 
magnetic material is deposited into the mould by electroplating and the sacrificial mould 
material is removed resulting in a membrane with a cross sectional area changing as a 
function of the radius. These steps can be repeated to produce even more advanced de- 

25 signs. 

The area of the piston like moving part of the membrane has to be maximised, but the 
compliance of the suspension has to be adjusted to a certain value. This value is de- 
pending on the gap-size, the strength of the magnets and the magnetic material proper- 
30 ties of the utilized materials, or in short, depending on the change in magnetic flux with 
increasing deflection of the membrane, when no current is applied to the coils. The stiff- 
ening of the centre part can be achieved by adding material (see above) in form of a stiff- 
ening frame, thereby keeping the mass of the membrane low and the resonance fre- 
quency high. 
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Squeeze film damping occurs in small gaps. Here, the influence of friction becomes im- 
portant resulting in losses, lower output, noise etc. Producing small canals in the mem- 
brane surface in the area where squeeze film damping occurs can minimise this effect. 
The canals have to be able to guide air from the centre of the membrane to the outside. In 
5 the centre of the membrane, where the magnetic flux is almost zero, the membrane can 
be thinner whereby the air gap is increased and squeeze film damping effects are re- 
duced. 

The magnetic flux density is inversely proportional to the cross sectional area. The highest 
flux density in the membrane appears in the area of the outer corners of the magnet and 
decreases with increasing and decreasing radius (the lowest flux density is in the centre 
of the membrane). In order to minimise the mass of the membrane it is necessary to 
adapt the cross sectional area of the membrane to the flux density resulting in thicker 
parts in the area of high flux density and thinner parts in the centre and at the outer radius 
of the membrane. This can be achieved by applying the steps described above. 
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